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Inkjet printing has been used to fabricate glucose sensors using glucose oxidase and screen 
printed carbon electrodes. By appropriate selection of printing and drying conditions we are 
able to fabricate sensor structures that show a good linear response to glucose concentration. 
In order to achieve these structures we must carefully control the spreading and drying of the 
enzyme solution on the carbon electrode. Carbon electrode suirfaces are hydrophobic and 
Triton X was used as a surfactant  to allow full coverage of the electrode surface. During 
drying, under ambient conditions the enzyme solution segregates to form a ring deposit 
(coffee staining). Coffee staining is shown to be deleterious to sensor performance and it can 
be removed by drying in a reduced humidity environment. 
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Introduction 
For many point of care (POC) applications, a cost effective and disposable biosensor is 
advantageous. It should typically give efficient and quick response measurements with a high 
degree of reliability. This implies that fabricated biosensors need to be highly uniform, have 
reproducible sensing elements and be manufactured at a modest cost price. Glucose 
biosensors are commonly used for diagnosing diabetic patients by quantifying blood glucose 
levels using electrodes with immobilized glucose oxidase (GOX) enzyme. Redox between the 
electrode surface and the active site of the enzyme generate electron transfers leading to the 
flow of a current that is used to measure the amount of analyte present. In order to achieve 
rapid and reproducible deposition of several solutions within small areas, screen printing and 
photolithography are currently the most widely used manufacturing methods. Screen printing 
holds advantage over photolithography for large scale biosensor production due to its high 
precision, speed and low cost. This technique forces special inks or pastes through a mesh 
screen to form an image onto a surface. In this way different parts of a biosensor have been 
produced, using electron conductive or enzyme containing pastes (Albareda-Sirvent et al. 
2000), with resolution as high as 390 dpi (approximately 65 m), and dot diameters in the 
range 40-70 µm. However, one drawback of screen printing is the relatively large quantity of 
enzyme ink that must be applied to the print screen with much of the enzyme left unused. 
This is not economical on the industrial scale because enzymes are relatively expensive 
compared with other materials used in biosensor manufacture. 
Inkjet printing is a non-contact digital printing method that can be used for highly precise 
rapid deposition of accurately metered material (Derby 2010). It allows the deposition of 
small volume droplets, currently with a minimum volume of approximately 1 pl, on a large 
range of compatible surfaces e.g. glass, plastic or metal. Precision and reproducibility are 
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potentially higher than screen printing, with lower formulated ink viscosities than screen 
printing pastes. Consequently, resolutions higher than 1200 dpi (dots per inch) are achievable 
with a mean dot diameter around 15 – 40 m, depending on the extent of spreading to 
equilibrium on a given surface. In addition, non-contact transfer of ink from printhead to 
substrate reduces contamination and allows the placement of materials on contact-sensitive 
substrates. The advantages of inkjet printing over screen printing make mass production of 
smaller and cheaper biosensors a distinct possiblity. 
Inkjet printing generates and accurately positions picolitre (pl) volumes of fluid. There are 
two forms of inkjet printing distinguished by their drop generation mechanisms, continuous 
inkjet printing (CIJ) and drop-on-demand inkjet printing (DOD). The differences between the 
two drop generation mechanisms have been reviewed in detail elsewhere (Martin et al. 2008), 
however it is appropriate to distinguish between them here. In CIJ, a liquid (the ink) is passed 
througha small diameter orifice and the resulting fluid jet breaks up into a train of identical, 
regularly spaced droplets through the Rayleigh instability. On generation, the droplets are 
charged electrically enabling them to be steered by an electric field. Drops not required for 
printing are deflected away from the substrate and recirculated. In DOD, drops are generated 
by propagating a pressure pulse in a fluid filled chamber only when a drop is needed. Drops 
are located in position by moving the printhead to the desired location before drop 
generation. 
There is a further subdivision of DOD technology determined by the mechanism through 
which the pressure pulse is generated (Derby 2010). With thermal DOD, a microheater 
vaporizes a small pocket of the fluid; the formation and collapse of the vapour bubble 
generates the pressure pulse. In piezoelectric DOD the pulse is formed by mechanical 
actuation of the chamber walls. Desktop inkjet printers are usually thermal DOD but larger 
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scale graphics printers and those used for printing functional materials are usually 
piezoelectric DOD.  
There has been considerable work in recent years in the use of inkjet printing to produce a 
range of sensor structures (Dua et al. 2010; Hossain et al. 2009; Jang et al. 2007; Li et al. 
2007). Most biosensor applications are likely to use piezoelectric DOD printing. CIJ is 
considered unsuitable because of the risk of contamination that occurs during ink 
recirculation (Derby 2008). Thermal printers might be expected to damage biological fluids, 
however only small quantities of fluid are heated during drop generation and this technique 
has been successfully used to deposit enzymes and cells without damage. Indeed, pioneering 
work by Setti has used thermal inkjet printing technology to print glucose oxidase sensor 
structures and demonstrate their feasibility (Setti et al. 2005). However, we believe 
piezoelectric printing is a conservative choice for printing biological materials because it does 
not significantly heat the ink during deposition (Saunders et al. 2008). With both forms of 
DOD printing, significant transient shear rates occur during drop generation (in excess of 
10
5
 s
-1
) and there have been reports that these high shear rates may damage biological 
materials (Di Risio and Yan 2007; Nishioka et al. 2004). In a recent study we investigated in 
detail whether inkjet printing affected the activity of GOX and found that there appeared to 
be a reduction in enzymatic activity as measured using a fluorescent assay (Cook et al. 2010). 
Enzyme activity was found to correlate strongly and inversely with the amplitude of the 
actuating pulse used to drive the piezoelectric drop generator, however a detailed study of the 
protein molecule using a range of light scattering methods was unable to identify any specific 
change in molecular size shape and secondary structure. Here we further investigate how 
inkjet printing influences GOX by characterising the behaviour of a simple biosensor 
structure produced by inkjet printing GOX solution onto carbon electrodes.  
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Experimental Procedure 
GOX with specific activity at 278 U/mg and a proprietary stabilizing reagent were supplied 
by Applied Enzyme Technology (Product code: Q2090114D10: AET Ltd, Pontypool, UK). 
This was immobilized on a L-shaped silver reference electrode and carbon electrode with a 
3 × 3 mm square working area, screen-printed on polyester sheets (product code: 
BE2040908D2/001: Gwent Electronic Materials Ltd.); henceforth referred to as electrode 1. 
Scanning electron microscopy (SEM) showed that the carbon electrode contained graphite 
flakes of 5-8 m diameter. Electrodes made from the identical graphite material with 1 mm 
diameter circular working area, surrounded by a circular counter electrode were used to 
investigate the behaviour of the printed ink under different drying conditions; henceforth 
referred to as electrode 2. 
Glucose 99%, di-potassium hydrogen phosphate, potassium chloride, potassium dihydrogen 
phosphate, potassium ferricyanide, all purchased from Sigma-Aldrich (Gillingham, Dorset, 
UK), were used to prepare the glucose test solutions. 20 and 60 mg/ml GOX solutions were 
prepared by adding the appropriate amount of GOX into the stabilizing reagent and stirring; 
0.05 vol% Triton X100 (Sigma-Aldrich) was added as a surfactant to reduce the contact angle 
of the deposited drops on the electrode surface. Solution viscosity was measured using a 
concentric cylinder rheometer (RSIII, Brookfield, Middleboro, MA, USA). Contact angle 
was measured by the static sessile drop method using a dedicated instrument mainly 
consisiting of a platform and a CCD camera, which is connected to a PC. A commercial 
software application Fta32 (First Ten Angstroms, Portsmouth, VA, USA), was applied to 
measure the contact angle, change of drop base diameter and sessile volume. 
Glucose test solutions up to 30 mM were prepared by adding glucose to deionised water 
containing potassium dihydrogen phosphate, potassium chloride, and di potassium hydrogen 
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phosphate, and then adjusted to pH 7.5. Finally, 32 mg/ml. Potassium ferricyanide was added 
as mediator. Printing trials were carried out using an in-house designed and built laboratory 
scale inkjet printing platform (MPP 1000) using an x-y table that has a positional accuracy of 
3 m (Micromech Systems, Braintree, UK). This is equipped with piezoelectric actuated 
inkjet printheads of internal diameter 60 m (MJ-ATP-01, Microfab Technologies, Plano, 
TX, USA) with drive electronics (JetDrive III, Microfab) interfaced to a PC and controlled in 
a LabVIEW™ (National Instruments, Austin, TX, USA) environment. The printer was set to 
print at 60V with a pulse width of 25 μs and a rise and fall time of 3μs. A frequency of 
5000Hz was used. This resulted in a mean drop volume of approximately 110 pl with a mean 
diameter of 65 m. The principles used to select the actuating voltage pulse for a given fluid 
in a piezoelectric inkjet printer have been discussed in a previous publication (Reis et al. 
2005). 
The surface profile of the enzyme deposit after printing onto the electrode, and drying under 
different conditions, was determined using Phase Contrast Microscopy (PCM) (Microxam, 
Phase Shift Technology, Tucson, AR, USA). A potentiostat, CompactStat (Ivium 
Technologies BV., Eindhoven, The Netherlands) was used to take amperometric 
measurements. The potentiostat requires a two-electrode cell configuration, consisting of a 
reference silver electrode screen-printed on polyester and a working electrode on which the 
enzyme is deposited (configuration as in electrode 1). Printed electrodes were dried for 4 
hours either under ambient conditions or in a desiccator at a controlled temperature of 4 °C, 
25 °C, or 37 °C. Hand pipetted samples, either containing or excluding surfactant, were 
prepared and dried under the same conditions as controls. Electrochemical responses were 
measured by applying 100 l glucose solution, in the presence of ferricyanide mediator, on 
the two combined electrodes at an applied potential of +0.5 V. The responses were measured 
after 10 s incubating time, and the current value read and recorded with different glucose 
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concentrations after 10 s and 40 s, respectively. Each data point recorder represents an 
average from three repeated measurements. By measuring amperometric responses in GOX 
solution with different concentrations a calibration curve was plotted.  
Results and Discussion 
Printing of GOX solutions  
The requirements of fluid properties and the influence of these and the actuation signal in 
DOD printing on printed drop size and velocity have been reviewed and discussed elsewhere 
(Derby 2010; Derby and Reis 2003; Reis et al. 2005). Printing parameters were set to 
maintain the ejected droplet diameter at approximately 65 m. The key solution properties 
that may affect printability are viscosity and surface tension, while the former being more 
dominant than the latter. Manufacturers’ information states that the viscosity for the printable 
liquid should be below 20 mPa.s. The measured viscosity of solutions with concentration 20 
and 60 mg/ml, were 2.3 and 2.5 mPa.s respectively, confirming that the viscosity range is 
within the range of solution printability; addition of 0.05 vol% Triton X100 further lowers 
viscosity to around 2.0 mPa.s.  
The printer delivers a defined number of drops on the electrode; this is determined by the 
GOX concentration and the quantity of enzyme required. In principle, amperometric 
biosensors measure a current generated from electron transfer through catalytic reactions 
between the immobilised redox enzyme and substrate molecule. There is a tunneling distance 
between the enzyme and the electrode, over which the generated electron needs to travel in 
order to reach the electrode (Habermuller et al. 2000). To obtain a rapid measurable response, 
the redox transformation needs to take place on the surface of the electrode. This requires 
sufficient immobilized enzyme uniformly spread on the working area of the electrode. 
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Unlike screen printing, inkjet printing utilises a non-contact delivery mechanism to precisely 
place ink drops, which then spread through capillary forces (Derby 2010). The final shape of 
the printed deposit will be governed initially by the contact angle of the liquid on the 
substrate and the area of contact or footprint of the resulting sessile drop (Smith et al. 2006; 
Stringer and Derby 2009, 2010). The carbon electrodes commonly used for enzymatic 
sensors are relatively hydrophobic and the initial large contact angle results in poor spreading 
of the enzyme solution after printing (Figure 1a and b).  
To achieve a more uniform deposit of enzyme over the electrode, either a surfactant can be 
added to lower the contact angle or the printer can be programmed to distribute individual 
printed drops in a defined array across the electrode instead of at a single location (figure 1c) 
(Cook et al. 2009). Adding a surfactant to the solution reduces its surface tension and thereby 
reduces the  contact angle. Triton X100 was chosen for this purpose because it is a non-ionic 
surfactant that is widely used for preserving the functional state of proteins and accelerating 
the electron transfer process (Moller and Lemaire 1993; Rusling and Forster 2003). The 
addition of Triton X100 significantly reduced the contact angle between the solution and the 
carbon electrode, as shown in figure 2a. In this study, the volume concentration of Triton 
X100 was optimized as 0.05.  
Figure 2b shows the change in sessile drop base diameter (footprint) and volume after 
printing 999 drops (the maximum number per trigger) of GOX onto the surface of electrode 
2. The drop volume decreases linearly with time, while base diameter increases rapidly in the 
first 30 seconds before becoming constant. This is consistent with the results displayed in Fig. 
2a, where the contact angle shows a rapid initial decrease, associated with capillary 
spreading, for about 20 - 30 seconds (curve without surfactant), after which the drop volume 
shrinks at constant base diameter indicating contact line pinning. On examining Figures 2a 
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and 2b, it can be seen that after 20 s the solution reached a stable base diameter of 
approximately 0.47 mm and a contact angle of 41° before the visible drop volume decreased 
gradually by drying or absorption with the contact diameter pinned. The linear rate of 
decrease of drop volume with time is consistent with simple models for the loss of fluid from 
an evaporating drop with a pinned contact line (Schoenfeld et al. 2008). The influence of the 
surfactant is to reduce the initial spreading time and decrease the initial contact angle. 
Optimizing drying conditions 
Inkjet delivery requires the material to be in liquid form; thus drying is an important part of 
the manufacturing process. It is well known that significant solute segregation and 
redistribution can occur during drying of droplets with, in the worst case, all solute depositing 
as a ring at the edge of the drying drop because of outward radial flows generated within the 
fluid drop during drying – otherwise known as the coffee stain effect (Deegan et al. 1997). 
PCM was used to investigate the profile of dried GOX deposits after printing on the carbon 
electrodes under different drying conditions. Each electrode was printed with a stabilised 60 
mg/ml GOX solution, including 0.05 vol.% Triton X100, at a frequency of 5 kHz. Two runs, 
each of 999 drops, were deposited onto the surface of electrode 1 in order to give 
approximately 2 U enzyme on the surface of the electrode. These were then dried at three 
different temperatures a) 4 
o
C, b) 25 
o
C and c) 37 
o
C for 24 hours, either under ambient 
atmospheric conditions or in a desiccator.  
On drying under ambient atmospheric conditions a characteristing ring deposit formed at all 
drying temperatures (figure 3a). Figure 3b - d illustrates the profile of the printed deposits 
after drying in the desiccator. The sample dried at 25 °C in the desiccator showed no coffee 
staining although extensive cracking of the dried enzyme deposit is visible in figure 3c. This 
is probably caused by shrinking induced stresses that often occur during the drying of films. 
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It is interesting to note that although coffee staining is surpressed through drying in a 
desiccator at 25 °C, it is evident when the enzyme solution is dried at a lower temperature 
(figure 3b) and a higher temperature (figure 3d). Another feature that changes slightly with 
the different drying conditions is the total extent of drop spreading. The deposit dried under 
ambient humidity is seen to spread to cover the full area of the 1 mm diameter surface of 
electrode 2, wheras trhose dried in the desiccator showed spreading to about 500 m at 4 °C 
and 25 °C, with possibly a slightly greater extent of spreading at 37 °C. This may be the 
result of a more rapid reduction in drop volume with time through solvent evaporation, 
leading to a significantly smaller drop size at the end of the capillary spreading process when 
dried in the desiccator. However, earlier work on the spreading of inkjet printed drops of 
different fluids on porous substrates has reported the spreading time to be significantly 
shorter than that required for capillary infiltration or evaporation (Holman et al. 2002; Wang 
et al. 2008b). 
Coffee staining is observed with both the air dried and desicator dried specimens; although it 
is substantially reduced when dried at 25 °C in the desiccator. Coffee staining has been 
discussed in detail in a number of previous publications. Deegan proposed that the retreating 
contact line in a drying drop is pinned and that internal fluid flow is required to replenish 
fluid to the drop edges, where a greater proportion of the solvent is lost because the proximity 
of a large dry surface (Deegan et al. 1997, 2000). Fischer developed the initial models of 
Deegan et al to include a more physically realistic model of solute loss through evaporation at 
the contact line (Fischer 2002) and demonstrated that radial fluid flows that cause coffee 
staining occur during the evaporation of drops even when fluid loss is uniform across the 
drop. It has been suggested that Marangoni flows associated with small temperature 
differences that occur during drying should oppose coffee staining and that these will be 
greater at low temperatures (Hu and Larson 2006). However, our results in figure 4 show an 
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increase in coffee staining as the temperature is reduced and a minimum in coffee staining at 
25°C, with an enhanced effect at both higher an lower temperatures.  
The difference in behaviour observed between the two drying conditions is difficult to 
explain through changes in the evaporation behaviour of the liquid with temperature. One 
possible difference between the drying of our drops on carbon electrodes is the relative rate 
of drop volume decrease by evaporation and absorption into the porous carbon electrode. An 
earlier study of the drying of nanoparticle suspensions on porous substrates found that coffee 
staining was enhanced on a porous surface when compared to the behaviour of an identical 
fluid on a solid surface (Dou and Derby 2012). It was proposed that coffee stains form when 
fluid removal occurs either by evaporation or absorption, as long as the contact line is pinned. 
It was further demonstrated that as the temperature decreases, there is a critical temperature 
below which draining dominates. We do not have sufficient data to accurately determine the 
relative rate of capillary infiltration into the carbon electrode and volume loss due to 
evaporation. Although calculations presented in earlier work indicate that for aqueous 
solutions these will be of the same order (Dou and Derby 2012). 
Thus it is proosed that at 25 °C coffee staining in the desiccator is suppressed by a 
countervailing Marangoni flow (Deegan et al. 1997, 2000; Fischer 2002). The surface tension 
gradients that induce the flow opposing coffee staining are created by local temperature 
differences or composition differences created when solvent is lost through evaporation. On a 
porous surface, draining does not occur through a phase change, hence there is no mechanism 
to generate local composition or temperature changes within the draining fluid and thus no 
mechanism to oppose coffee staining (Dou and Derby 2012). The reappearance of coffee 
staining that is observed when the drop is cooled to 4° C, is the effect of fluid flow being 
predominently driven by draining. There is also evidence in the literature for a similar coffee 
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staining behaviour occuring when protein solutions are deposited on a porous film 
substrate.(Wang et al. 2008a) 
Electrochemical Performance 
Preliminary electrochemical characterisation on the samples printed on electrode 2 was used 
to distinguish between the desiccator drying conditions. Figure 4a shows the current as a 
function of glucose concemmtration for sensors fabricated with 2000 drops of a 20mg/ml 
GOX ink on electrode 2. The 4 °C specimen shows no signal until the glucose concentration 
exceeds 4 mM. The specimen dried at 25 °C shows the most linear response to glucose 
concentration with the least scatter amongst the data. Finally the specimen dried at 37 °C 
shows considerable scatter at each glucose concentration and poor linearity. These results 
indicate the deleterious effect of coffee staining on the performance of the printed sensor. 
Electrode 2 was used for subsequent sensor fabrication with an enzyme concentration of 60 
mg/ml. The number of drops printed was adjusted to give enzyme dosage of 1 U or 3 U. 
Figure 4b shows the result of chronoamperometric meaurements of inkjet printed electrodes 
versus reaction time at 4 different concentrations of glucose solution.   
In order to characterise the printed sensor, its performance was compared against a control 
specimen produced by hand pipetting the required quantity of enzyme onto the electrode. In 
both cases a ferricyanide mediator was used. Inkjet printing doses the electrode in integral 
units of about 100 pl with a GOX solution concentration of 60 mg/ml. In order to produce 
equivalent dosing using pipette delivery a solution concentration of 6 mg/ml was used. 
Current responses were read and noted after the preliminary incubation period of 10 and 40 
seconds, respectively, using a constant voltage. By repeating this test for each glucose 
concentration it is possible to construct a calibration curve of current response against 
glucose concentration (Figure 5). In order to determine the minimum quantity of enzyme 
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required on the electrode, two sensor structures were printed with 1 U and 3 U of GOX. It is 
clear from figure 8b that the 3 U electrodes give a good linear response with change in 
glucose concentration after both 10 s and 40 s exposure. In contrast the 1 U sample returns a 
low signal with poor linearity. Comparing figure 5a with figure 5b, we can see that the inkjet 
printed electrodes show a stronger and more linear response to glucose concentration than is 
seen with the pipetted control samples.  
Conclusions 
We have successfully demonstrated the use of inkjet printing to produce compact glucose 
oxidase biosensors with adequate linear response to glucose concentrations over a 
physiological range of glucose concentrations. However, performance of the printed 
biosensor appears to be optimised when appropriate printing and drying conditions are 
chosen to allow a uniform distribution of GOX over the working electrode surface. Enzyme 
distribution is shown to be critically dependent on the choice of appropriate drying conditions 
to eliminate segregation of the enzyme during drying – coffee staining. 
The contact angle of inkjet printed drops were significantly lowered using a surfactant Triton 
X100 which allowed better spreading of the enzyme solution over the working area of screen 
printed carbon electrodes. We found ideal and optimal drying conditions for inkjet printed 
electrodes to be at room temperature (25 
o
C) in a desiccator, this produced the most even 
distribution of enzyme over the surface of the electrode with minimal coffee staining effect.  
As expected higher concentations of glucose solution gave greater current responses. The 
electrochemical characterization of the printed sensors showed a linear relationship with 
glucose concentration up to 25 mM, this is an adequate range for practical clinical glucose 
sensing applications.  
These results demonstrate that inkjet printing technology makes feasible the manufacturing of 
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a low cost high performance single-use disposable enzymatic biosensor.  
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Figure Captions 
Figure 1 a) Sessile drop after printing 4000 drops of GOX solution onto a carbon electrode 1. 
b) Plan view of drop in (a). c) Plan view of 20 x 20 grid printed on electrode 1, with 10 drops 
printed at each grid location. 
Figure 2 Time evolution of a sessile drop of the GOX solution placed on a carbon electrode 
surface. a) Change of the contact angle as a function of time, with and without Triton X100. 
b) Change of base diameter and sessile volume of 999 drops GOX solution printed onto the 
surface of electrode 2. 
Figure 3 PCM images of GOX deposit after printing and drying on 1 mm diameter electrodes 
under the following drying conditions: a) air, 4°C; b) desiccator, 4°C; c) desiccator, 25°C and 
d) desiccator, 37°C. 
Figure 4 a) Electrochemical current response to glucose solutions of fabricated electrodes 
dried at 4 
o
C, 25 
o
C (RTP) and 37 
o
C in a desiccator. b) Chronoampemetric response of inkjet 
printed electrodes as a function of reaction time with various glucose concentrations; GOX 
3 U was printed from a 60 mg/ml suspension. 
Figure 5 Sensor response as a function of glucose concentration for samples prepared by (a) 
hand pipetting, and (b) inkjet printing. 
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Figure 1 a) Sessile drop after printing 4000 drops of GOX solution onto a carbon electrode. 
b) Plan view of drop in (a). c) Plan view of 20 x 20 grid with 10 drops printed at each grid 
location. 
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Figure 2 Time evolution of a sessile drop of the GOX solution placed on a carbon electrode 
surface. a) Change of the contact angle as a function of time, with and without Triton X100. 
b) Change of base diameter and sessile volume of 999 drops GOX solution printed onto the 
surface of electrode 2. 
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Figure 3 PCM images of the enzyme printed on 1 mm diameter electrodes after drying: a) 
dried in air at 4°C; b) dried in a dessicator at 4°C; c) dried in a dessicator at 25°C and  
d) dried in a dessicator at 37°C. 
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Figure 4 a) Electrochemical current response to glucose solutions of fabricated electrodes 
dried at 4 
o
C, 25 
o
C (RTP) and 37 
o
C in a desiccator. b) Chronoampemetric response of 
inkjet printed electrodes as a function of reaction time with various glucose concentrations; 
GOX 3 U was printed from a 60 mg/ml suspension. 
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Figure 5 Sensor response as a function of glucose concentration for samples prepared by (a) 
hand pipetting, and (b) inkjet printing. 
